^U>- A09*  200 

FOREIGN  TECHNOLOGY  OIV  WRIGHT-PATTERSON  AFB  OH 

CRYSTAL  GROWTH  ANO  CHARACTERIZATION. <U) 

NOV  80  0  WU.  0  CHEN.  W  TIAN 

F/6  20/2 

UNCLASSIFIED 

FTD— 10 (RS IT-1 135-80 

NL 

AD  AO 9 42  0  0 


FOREIGN  TECHNOLOGY  DIVISION 


CRYSTAL  GROWTH  AND  CHARACTERIZATION 

by 

Wu  Qian-zhang,  Chen  QIng-han,  Tian  Wan-chun 


Approved  for  public  release; 
distribution  unlimited. 


Qion-'LKj, 

Qi/g-Wa/i  I (2  kcrt 

V\/a  n  -cl-  Jr.  j  fPlQr i 


FTD-IP(RS)T-1135-80 


EDITED  TRANSLATION 


PTD-ID(RS )T-1135-8^  19  Nov 

MICROFICHE  NR:  ETD-80-C-001193 

^.CRYSTAL  £ROWTH  AND  CHARACTERIZATION, 


By:  Wu  Qian-zhang,  Chen  Qing-han,  Tian  Wan-chun 


English- ©ages  :  23. 

2  T’/ed  4r  .  o> 

"  '  Guisuanyan  Xuebao  Ve-lv 

1980,  pp.  80-94  cc-f- 


8,  Nr.  1,  -March 

'  rO  .  1 


Country  of  origin:  China  M  y < 
Translated  by:  SCITRAN 

F33C57-78-D-0619 


Requester:  FTD/TQTR 

Approved  for  public  release;  distribution 
unlimited. 


THIS  TRANSLATION  IS  A  RENDITION  OF  THE  ORIGI¬ 
NAL  foreign  TEXT  WITHOUT  any  analytical  OR 
EDITORIAL  COMMENT.  STATEMENTS  OR  THEORIES 

- 7\ 

PREPARED  BY: 

ADVOCATED  OR  IMPLIED  ARE  THOSE  OF  THE  SOURCE 
ANOOO  NOT  NECESSARILY  REFLECT  THE  POSITION 

TRANSLATION  DIVISION 

OR  OPINION  OF  THE  FOREIGN  TECHNOLOGY  Dt- 

FOREIGN  TECHNOLOGY  DIVISION 

VISION. 

WP.AFB.  OHIO. 

^TP-IDCRs )T-113R-80 


P3t6  19  Nov  19  80 


i-mco 


CRYSTAL  GRCh'TH  AID  CHA  'T.CTERISATIGM 

iu  Qian-shang  Chen  Qing-han  Tian  Wan-chun 
(Instiute  of  Fr.ysics,  Academia  Tinica) 

Abstract 

Inperfections  such  as  cracks,  inclusions,  growth  striations,  color  centers,  inhonogen- 
eity  and  cellular  structures,  that  frequently  occur  in  artificially  grown  crystals  are 
discussed.  The  phenomena  of  constitutional  super-cooling  are  dealt  with  in  more  detail. 
The  origins  of  the  occurrence  of  these  imperfections  and  the  me -.cures  adopted  to  over¬ 
come  them  are  recommended.  It  is  stressed,  moreover,  that  the  work  on  growth  of  crystals 
and  their  characterization  must  he  closely  coordinated  so  that  the  final  goal  of  obtaining 
perfect  crystals  may  be  attained  through  successive  stages  of  experimental  research. 


1,  Introduction 

The  objective  of  the  scientific  study  of  the  growth  of  crystals  is  to  understand 
and  thoroughly  master  the  principles  inherent  in  the  Structure  of  crystals  in  order  to 
facilitate  the  growth  of  high-quality  crystals  which  possess  specially  determined  capa¬ 
bilities.  "hat  is  meant  by  high  quality  is  crystals  which  have  few  imperfections,  have 
a  high  degree  of  uniform  completeness,  and,  of  course,  also  have  good  functional  prop¬ 
erties  (v/ith  the  exception  of  a  few  cases). 

The  branch  of  science  dealing  with  the  rowth  of  crystals,  from  the  last  century 
to  the  present,  has  undergone  a  long,  slow  process  of  development;  it  has  only  been 
after  the  decade  of  the  1950’s,  due  to  semiconductor  technology,  end  -articularly  after 
the  ra-id  development  of  light  excitation  technology,  that  there  has  been  a  pressing 
need  for  all  types  of  high  quality  single-crystal  materials  in  order  to  pursue  on  a 
large  scale  the  surging  development  of  this  branch  of  science  end  to  cause  he  tech¬ 
nical  skill  of  "growing  crystals",  which  had  been  carried  out  on  the  basis  of  exper¬ 
ience,  to  gradually  become  relatively  more  scientific.  This  has  been  particularly  true 
in  the  last  ten  ”ears|  because  of  requirements  for  crystals  which  were  relatively  dif¬ 
ficult  to  grow  as  well  as  evsr-higher  requirements  for  the  quality  of  crystals,  -.here 
has  been  und vh -ken  a  series  of  relatively  profound  rese-rch  projects  into  many  of  the 
basic  phenomena  involved  in  the  growing  process;  the  theory  of  the  .growth  of  crystals 
has  achieved  a  great  development,  and  the  technology  of  growing  crystals  has  also  been 
greatly  improved.  In  the  area  of  various  problems  such  as  the  theory  of  constitutional 
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super-cooling  phase  diagram  theory  etc.*  it  has  already  been  possible  to  apply 

these  advances  to  guide  the  actual  execution  of  the  growing  of  crystals*  and  excellent 
results  have  already  been  achieved.  Despite  this,  however,  in  the  work  of  growing  crystals, 
at  present,  operations  based  on  experience  are  still  the  principal  trond.  '.flay  has  there 
still  been  no  complete  solution  of  the  problem  of  controling  the  quality  of  crystals  during 
the  process  of  growth  in  order  to  achieve  an  ideal  level?  This  is  the  question. 

3ecause  of  this  problem,  at  "resent,  every  type  of  approach  is  being  employed  which 
might  speed  up  the  development  of  the  science  of  crystal  growth  (including  both  the  aspects 
of  theory  and  actual  technical  experimentation),  and  these  problems  completely  occupy  the 
minds  of  workers  in  the  field  of  crystal  growth. 

Concerning  the  relationship  between  crystal  growth  and  characterization  as  'well  as  the 
influence  of  these  two  factors  on  the  development  of  the  science  of  crystal  growth,  we  have 
compiled  from  the  literature  on  the  subject  as  well  as  from  work  done  hare  in  China  a  good 
deal  of  experience  and  instruction  which  approach  the  problem  from  all  angles.  Here,  vie  take 
very  se"iously  the  discussion  of  the  close  orgnnic  relationship  which  exists  between  the 
work  oi  characterizing  crystals  and  the  growing  of  them.  Tor  the  sake  of  speed  and  conven¬ 
ience,  we  tried  to  cany  cut  an  analysis  using  several  iif 1  rent  types  of  commonly  seen 
imperfections  in  crystals;  alter  that,  we  carried  out  some  preliminary  discussions  cn  the 
relationships  that  must  exist  between  the  operations  of  characterising  crystals  and  grow¬ 
ing  them. 

2,  Imperfections  ‘vhich  Commonly  Appeared  in  the  Initial 
Phase  of  Experimental  Crystal  Growth  and  Methods  of 
Overcoming  Them  As  Well  As  the  Relationship  Between 
Ihese  Imperfections  and  Correction  Methods  and 
Crystal  Charactarization 

Crystals,  especially  crystals  which  are  particularly  difficult  to  grow,  in  she  initial 
phase  of  experimental  growth,  often  exhibit  imperfections  the  most  common  of  which  are  the 
types  listed  below:  l)  cracks,  2)  inclusions,  3)  grewmh  otriation,  4)  color  c-ntsrs,  5) 
inhomogeneity,  and  6)  constitutional  super-cooling  imperfections  or  cellular  structures. 

Below  we  will  distinguish  between  these  conditions  and  discuss  them. 

1 .  Cracks 

’•Tien  attempting  to  grow  any  type  of  crystal  material,  the  first  type  of  problem  one  runs 
into  is  frequently  cracks.  For  example,  when  we  try  to  grow  crystals  such  as  Nd:  YAG,  LiMfcC  , 
-2Tb°3  end  so  on,  the  first  crystals  grown  all  encountered  problems  with  cracking.  According 
to  the  princi-les  of  elastic  mechanics,  cracks  obviously  occur  due  to  the  fact  that  stresses 
within  the  crystals  exceed,  in  localized  areas,  the  extreme  limits  of  material  failure. 


However,  this  kind  of  general  Imowledge  is  not  enough  to  concretely  guide  the  improvement 
of  growth  experiments.  Because  there  are  a  great  many  reasons  for  increases  in  localized 
stresses,  looking  from  the  angle  of  growing  crystals,  measures  for  overcoming  the  problem 
of  cracking  may  not  all  be  the  same;  there  ray  be  several  types  of  measures  to  accomplish 
this,  even  precisely  opposite  ones. 

After  crystal  grovfth,  the  problem  of  cracking  during  the  process  of  cooling  to  room 
temperature  is  an  example.  It  is  the  general  experience  that  very  slow  cooling  is  advan¬ 
tageous  to  the  reduction  of  thermal  stress  and  is,  therefore,  advantageous  in  avoiding 
cracking  of  crystals  end  other  imperfections.  Particularly  is  this  so  where  it  concerns 
crystals  with  relatively  different  rates  of  heat  conductivity.  However,  practically  speak¬ 
ing,  if,  in  the  cooling  process,  the  interior  of  a  crystal  developed  certain  "changes", 
then,  it  would  be  possible  to  drop  the  temperature  relatively  quickly  and,  even  so,  still 
have  she  effect  of  being  advantageous  to  the  prevention  of  cracking,  for  example, 
single  crystals,  during  the  post-oven  cooling  process,  develop  the  chemical  reaction  below: 

nno°f 

3Sr2lIai'Ib5C1 5  - ^  3ri!a_:Tb_C1 5 


“his  type  of  eutectcid  decomposition  reaction  causes  changes  in  volume  and  creates  cracks 
in  crystals.  Drop-  ing  the  temperature  relatively  quickly,  for  example,  dropping  the  temp¬ 
erature  at  a  rate  of  3C0°C/hr  through  the  eutectoid  decomposition  region  prevents  the 
eutectoid  .ecomnositian  reaction  from  taking  dace,  however,  end  brings  the  crystals  to 

t  .  \ 

room  temperature  with  their  stability  intact  and  cracking  prevented.  .  Ana  again,  as  an 

example,  LilTbO,,  during  the  coding  process  after  growing,  when  the  crystals  are  going 

through  their  solidification  line  period,  if  coding  is  done  gradually,  then,  there  develops 

(s) 

she  precipitation  of  a  secondary  compound  I4Hb_0,w/;  because  of  this,  cracks  can  easily 

be  caused'  .  However,  if  the  temperature  is  dropped  relatively  more  quickly  through  this 

time  period,  then,  the  crystals  again  arrive  a  room  temperature  stable  and  uncracked. 

However,  with  regard  to  another  set  of  "changes",  the  methods  above  cannot  be  employed. 

for  exrmplg,  KlTbC^  crystals,  'uring  the  process  of  after-oven  cooling,  due  to  cubic 

.  3ouare-~-f-.fr  perpendicular  structural  change-'  ’’n  crystals,  there  are  caused  rather  large 

(7) 

and  sudden  changes  in  the  point  drop  constant'  .  When  the  cooling  is  quick,  the  struct- 
•  ural  stresses  p:  educed  con  easily  produce  cracking  in  crystals.  Only  a  very  slow  cooling, 
causing  stresses  to  slowly  be  released,  can  prevent  cracking.  Many  ferro-electric  cryst.-ls, 
for  example  3IET  crystals,  when  coding  goes  through  its  ferro-electric  temperature  change 
(I «}6C°C),  due  to  the  Curie  point  ”icinity,  and  the  fact  that  the  heat  pulsation  coeffic- 
lent  polarity  is  different  in  different  directions,  rapid  cooling  (for  example,  100°C/hr) 
will  cause  the  crystals  to  crack.  However,  if  The  temperature  is  brought  dr.. 71  very  slowly, 
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(for  example,  30° -/hr)#  then,  cracking  can  be  avoided 


(3) 


Concerning  the  situation  where  there  exists  a  peritechtoid  reaction  which  leads 

to  cracking,  for  example,  ^amd  Li^a-'g^  ‘  '"as  well  as  KllbO^  ,  the  method 

for  oreventing  this  cracking  should  be  to  accurately  select,  on  the  basis  of  the-  phase  dia¬ 
gram  (Fig  l),  the  compounding  ratio  of  fusion  bodies  and,  thereby,  prevent  the  occurrence 
of  the  Deritechtoid  reaction  (as  shown  by  >I0  in  Fig  l). 


1.  Fig  1  An  Illustrative  Peritechtoid  Phase  Diagram  ?.  —Patio  of  chemical  compo¬ 
nents  producing  peritechtoid  reaction  5#  — The  actual  mix  of  constituents  which  pre¬ 
vent  peritechtoid  reaction 

•"hen  cubbies,  striaticn  or  high  levels  of  impurities  or  inhonogeneity  exist  within 
crystals,  the  cooling  process  can  also  easily  cause^cracking.  For  example,  when  crystals 
are  grown  by  the  extraction  method,  and  the  lid  concentration  is  excessively  high  in  the 
tail  portion  of  the  crystals  develop  bubbles  or  cloudy  striated  layers,  there  is  frequently 
cracking  during  the  growth  or  cooling  processes;  at  this  time,  there  is  a  need  to  first 
improve  the  technology  of  growing  crystals  (for  example,  improving  heat  fields,  etc.)  in 
order  to  reduce  this  type  of  imperfection  in  crystals. 

Generally  speaking,  even  if  the  reasons  for  the  phenomenon  of  cracking  in  simple 
crystals  are  very  complex,  it  is  all  the  more  necessary  to  car'y  out  characterization 
concerning  thi3  phenomenon.  Only  after  carrying  out  observation  and  experimental  analysis 
will  it  be  possible  to  finally  uncover  the  reasons  for  this  phenomenon  and  the  appropri¬ 
ate  measures  for  overcoming  it, 

2.  Inclusions  in  Crystals 

The  term  crystal  inclusions  refers  to  bubbles,  liquid  phase  inclusions,  as  well  as 
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solid  phase  granules*  etc.  Under  stress,  these  inclusions  can  cause  cracking;  however, 
most  just  seem  to  he  scattered  granules  within  crystals.  They  are  second  phase  inclusions 
within  crystals;  because  of  this,  reduction  of  second  phase  impurities  in  fusion  bodies 
would  obviously  help  reduce  this  type  of  imperfection.  However,  as  was  the  case  with  the 
problem  of  cracking,  the  causes  of  this  problem  of  inclusions  came  from  the  actual 
concrete  situation  and  nothing  else;  because  of  this,  methods  of  overcoming  this  problem 
can  only  be  discovered  relatively  quickly  if  the  work  of  characterisation  is  closely  co¬ 
ordinated  with  this  attempt. 

For  example,  in  GGG  (or  Nd:YAG)  crystals  grown  using  an  iridium  compound,  there  fre¬ 
quently  occur  triangular  or  hexagonal  iridium  granules;  this  is  due  to  the  oxidation  and 
reduction  reactions  carried  out  between  the  iridium  compound,  the  fusion  bodies  and  the 
gases  in  the  furnace'  'Jt  these  reactions  cause  the  iridium  to  enter  the  fusion  bodies; 
later,  they  finally  enter  into  the  crystals,  Experimentation  demonstrates  that,  in  the 
case  of  certain  solid  phase  granules,  these  granules  can  only  be  easily  co.ptured  by  the 


crystals  when  there  exists  a  critical  speed  of  growth  V 


(14) 


,and  V  is  greater  than  V  , 

c 


(15) 


Therefore,  the  reduction  of  the  speed  of  growth  and  its  fluctuations  is  also  an  important 
measure  in  the  reduction  of  sc  lid  phase  granules.  Also,  to  give  another  example,  in  lid: 

YAG  crystals  grown  in  a  molybdenum  compound  in  a  graphite  resistance  oven,  there  are  also 
often  discovered  granules  of  molybdenum  and  carbon.  Research  demonstrates  that,  except 
for  the  proper  establishment  of  methods  for  the  reduction  of  pollutants  in  fusion  bodies, 
change  in  fluctuation  speed  of  crystals  has  a  very  obvious  influence  on  the  amount  of 
solid  phase  granules  in  crystals  which  are  grown,  aid  this  fact  should  command  attention. 

3h  NdsYAG  crystals,  large  bubbles;  minute,  widely  dispersed,  invisible  small  bubbles; 
and  depressed  boundary  surfaces  or  constitutional  super-cooling  imperfections  are  all  knowi 
to  occur.  However,  in  TeO^  and  Pb^Ge^O^  crystals,  it  is  reported  that^1^,  in  the  case 
of  convex  boundary  surfaces,  it  is  very  easy  for  crystals  to  give  rise  to  bub  lies;  more¬ 
over,  whether  bubbles  appear  or  not  is  related  to  the  purity  of  the  raw  materials  used, 

'■•/hen  the  purity  of  the  raw  material  TeO^  is  raised  from  99 ,®s  to  99*999 /»»  it  is  no  longer 
certain  that  bubbles  will  appear,  and  so  on.  It  is  clear  that  the  precise  causes  of  the 
phenomena  of  the  appearance  and  disappearance  of  bubbles  can  only  be  determined  after  the 
carrying  out  of  detailed  research. 

Concerning  liquid  phase  inclusions  which  are  caused  by  the  phenomenon  of  constitution¬ 
al  3uper-cooling,  we  will  temporarily  cease  the  discussion  of  it  here  and  hold  that  dis¬ 


cussion  until  later. 

Hiere  i3  still  another  type  of  crystal  which,  in  the  cooling  process,  gives  rise  to 
second  phase  granules,  for  example,  the  proci-itation  of  LilTbO.  crystals  which  is  mentioned 
above  as  well  as  the  products  of  the  general  decomposition  reaction  of  a  onpound  of  nio- 
bie  acid,  strontium  and  sodium,  etc.  formally,  researchers  use  optical  microscopes  to 
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observe  the  external  form  of  granules  in  order  to  differentiate  between  metallic  granules, 
liquids,  bubbles,  etc.  In  other  cases,  researchers  use  electron  probes,  ion  probes,  op¬ 
tical  excitation  spectroscopy  and  similar  analytical  methods  of  minute  dicrimination  in 
order  to  characterize  the  constituents  and  phase  of  granules,  thereby,  helping  to  deter¬ 
mine  the  causes  of  granules;  however,  sometimes,  there  are  difficulties  with  making 
fine  distinctions.  In  such  cases,  it  is  possible  to  employ  supplementary  experimentation, 
observing  the  principles  of  transformation  which  govern  imperfections  under  particular 
conditions;  in  this  way,  it  is  frequently  possible  to  bring  a  very  powerful  discrimination 
capability  to  the  "precise  diagnosis^  of  the  imperfection.  For  example,  the  precipitation 
phenomenon  produced  when  LilTbO-.  crystals  very  slowly  pass  through  the  solidification  line, 
caus®  transparent  crystals  to  become  cloudy;  however,  when  the  temperature  is  raised 
back,  over  the  solidification  line,  crystals  again  return  to  a  transparent  state;  after 
this,  if  the  temperature  is  dropped  relatively  quickly,  then,  crystals  can  return  to  room 
temperature  preserving  their  single-crystal  phase  stability  and  transparency.  This  kind 
of  transformational  plasticity,  cn  the  one  hand,  points  out  a  method  of  overcoming  precip¬ 
itation  and,  at  the  same  time,  also  makes  a  powerful  determination  of  the  character  of 
this  type  of  imperfection.  Moreover,  the  bubbles,  liquid  phase  inclusions  and  solid  phase 
granules  in  crystals  do  not,  then,  basically  change  during  these  types  of  temperature 
changes. 

3.  Growth  Striations 

Concerning  the  appearance  in  crystals  of  the  striated  formation  of  different  layers, 
this  type  of  phenomenon  is  called  growth  striaticn.  Concerning  transparent  crystals  (for 
example,  M:KAG),  rfif fences  in  constituents  lead  to  changes  in  the  index  of  refraction; 
under  vertically  polarized  light,  when  one  observes  a  slice  of  such  a  sample  one  sees  sev¬ 
eral  lines  of  different  brightnesses  (actually,  they  are  different  layers);  their  out¬ 
lines  actually  represent  the  shape  of  the  boundary  between  solid  and  liquid  at  each  ins¬ 
tant.  Careful  observation  can  then  discover  that  the  forms  of  growth  striations  are  very 
complicated.  It  i3  frequently  possible  to  divide  them  into  several  groups.  Some  struc¬ 
tures  are  relatively  simple  and  have  good  periodicity;  some  forms  are  very  complicated 
and  have  no  strict  periodicity,  even  to  the  point  of  being  completely  without  governing 
principles.  Concerning  their  classification  and  she  causes  of  their  production,  although 
there  has  been  unceasing  work  on  the  subject  since  the  1960's,  it  is  only  recently  that 
there  nas  been  a  relatively  high  degree  of  understanding  of  this  subject.  In  order  to 
make  the  presentation  convenient,  we  have  drawn  Fig  2  in  order  to  explain  the  results  of 
international  research  on  this  problem  in  the  last  few  y-.ars. 

The  cause  of  .growth  striaticn  is  the  difference  be  tween  solid  phase  crystals  and 
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a,  Pig  0  Various  Causes  and  Mechanisms  for  the  Occurrence  cf  Costal  Growth  Ctriaticn 

I.  (l)  Vxtemal  boundary  disturbance  2 .  Pull  speed  uneven*  Crystal  pull  rod  "crawl1  end 
vibration*  Oven  body  mechanism  vibration  3»  decline  in  the  rate  of  heat  increase*  Insta¬ 
bility  of  rases  within  the  furnace  4.  Fluctuations  in  temperature  of  fusion  todies  ?, 
Fluctuations  in  the  speed  of  crystal  growth  6.  Non-rotation al  type  growth  striations  7. 
(Period  i3  eoual  to  the  period  of  temperature  oscillation)  9.  -lotaticnal  speed  uneven 

?•  Fluctuations  in  speed  of  liquid  flow  10.  Changes  in  thicinaess  of  boundary  layers 

II.  Ha  ">  Ra°  and  enlarged  12,  (2)  Natural  convection  1?.  (Convection  caused  by  temp¬ 

erature*  gravity  and  constitutional  gradient)  14,  Stable  flow  — unstable  turbuiar.ee 
1%  Constant  fluctuation  in  temperature  of  fusion  bodies*  amplitude  greater  and  greater 


16.  Belated  to  G^,  unrelated  to  g  (See  note)  17.  Convection  caused  137  surface  tension 
gradient  (3)  18.  (4)  Forced  convection  19«  (As  stated)  20.  Laminar  flow  — ♦turbulance 

21.  Rotational  type  growth  striaticn  22.  (Striation  distance  equals  the  pull  in  one  cry¬ 
stal  rotation  period)  23.  Crystal  rotation  24.  (Reynold  number  Re  caused  by  seed  crystals 
and  rotation  of  the  crucible)  25.  Incorrect  heat  field  26.  Tach  rotational  period  pro¬ 
duces  one  periodic  temperature  fluctuation  b.  (Note)  3ven  though,  when  g  is  large  (on 
the  surface),  the  influence  of  g  conceals  surface  tension;  when  g  is  small,  the  effects 
of  surface  tension  are  dominant 


liquid  phase  components,  as  well  as  so-called  fusion  substance  segregation  henomena.  It 

is  related  to  growth  conditions.  Under  stable  conditions,  the  BPS  formula,  which  has 

(18> 

already  been  developed'  *  is! 


c,-k-cb 


K“  j  5v“T 

K’  +  (l  — K*)exp{— 


In  these  equations,  C^  is  the  concentration  of  "impurities’’  in  crystals;  Cg  is  the  aver¬ 
age  concentration  of  "impurities"  in  fusion  bodies;  K  is  the  coefficient  of  effective  liq- 

•'f 

uation  cf  "impurities";  K  is  the  coefficient  of  liquation  or  segregation  of  "impurities" 

on  boundary  surfaces;  at  low  pull  soeeds  (eauilibrium  liquation  coefficient);  3T 

O  L 

is  the  distribution  coefficient  of  "impurities"  in  fusion  bodies;  £  is  the  thickness  of 
"impurity"  boundary  layers;  and,  7  is  the  speed  of  crystal  growth. 

Changes  in  the  periodicity  of  K  cause  the  very  slow,  smooth  changes  in  C„  and  then 
forms  the  inhonogeneity  in  the  crystals  as  a  whole. 

It  is  necessary  to  point  out  the  fact  that  use  of  the  3iS  equations  is  very  limited 
in  most  fusion  body  growth  systems;  they  are  suitable  for  use  in  situations  where  changes 
in  the  3peed  of  growth  (or  the  thickness  of  diffusion  layers)  ,  amplitude  and  frequency  are 
all  relatively  small.  However,  most  fusion  body  growth  systems  all  have  very  large  fluct¬ 
uations  in  speed  of  growth  and  have  very  obvious  non-equilibrium  properties;  because  of 
this,  the  BIS  model  is  certainly  an  inappropriate  one  to  use.  However,  qualitatively 
speaking,  the  3TS  equation  certainly  has  meaning  as  far  as  leading  one  to  a  way  of  over¬ 
coming  growth  striations.  Habitually,  -rowth  striations  are  divided  into  two  types;  one 
is  the  rotational  type  growth  3triaticn,  and  this  can  be  ascribed  to  rosary  movement  cf 
the  crystal  or  the  crucible  (the  period  is  the  same  in  either  case).  The  second  is  non¬ 
rotary  growth  striaticn;  whether  the  period  or  time  interval  of  this  type  is  equal  or 
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unequal  to  the  period  of  external  boundary  turbulence  or  fusion  body  temperature  oscillation 
is  a  very  complicated  question.  Let  us  explain  a  few  things  about  Fig  2, 

1)  Hie  ability  to  eliminate  growth  striaticn  imperfections  is  the  problem  of  first 
importance  concerning  the  existence  of  materials  with  same-component  points  and  the  locat¬ 
ing  and  matching  of  these  points  with  fusion  bodies.  V/hen  K 1  hr,  theoretically 
speaking,  liquation  phenomena  would  not  exist.  In  such  a  situation,  since  the  growth  con¬ 
ations  are  not  sufficiently  stable,  clear  growth  striation  phenomena  would  not  appear 
either^ 19 K 

2)  Sudden  changes  in  rotation  speed  can  cause  the  state  of  liquid  flow  and  temp¬ 
erature  in  fusion  bodies  to  exhibit  changes.  Experimentation  has  already  revealed  that 
when  the  speed  of  rotation  is  intermitently  changed  1  turn  per  minute,  then,  clear  growth 
striaticn  occurs.  Moreover,  using  automatic  control  methods  to  very  slowly  change  the  rot¬ 
ation  speedl-j^T's:  0,3  rotations  per  hour),  it  is  then  possible  to  reduce  this  type  of 
growth  striation  to  a  very  low  level.  Therefore,  a  stable  rotational  speed  has  particular 
importance  for  the  elimination  of  growth  striations, 

3)  Instability  of  liquid  flow.  Even  if,  in  symmetrical  heat  fields,  instability  of 
external  boundary  conditions  is  eliminated,  it  is  still  possible  for  growth  striaticn  phen¬ 
omena  to  occur.  Because,  in  the  type  of  fusion  body  which  is  normally  employed  and  is  cold 
on  top  and  hot  on  the  bottom,  there  exists  unstable  heat  convection,  particularly  in  the 
case  of  fusion  bodies  with  high  melting  points,  relatively  large  temperature  fluctuations, 
which  are  caused  by  heat-convection  instability, are  frequently  a  principal  cause  of  the 
occurrence  of  growth  striation  in  crystals.  In  order  to  control  the  influence  of  unstable 
heat  convection,  the  method  of  crystal  rotation  is  often  employed;  the  forced  convection 
produced  by  rotation  of  crystals  can  take  the  interface  between  solid  and  liquid  end  "iso¬ 
late”  them  from  each  other,  also  causing  the  thickness  of  boundaries  to  become  uniform. 
However,  forced  convection,  in  and  of  itself,  can  cause  new  , growth  striation. 

Another  method  is  to  find  a  way  to  reduce  heat  convection;  for  example,  reducing  the 


temperature  gradient  in  fusion  bodies 


(21-24) 


(25-27) 


,  adding  inhibitors  to  fusion  bodies  in  order 


to  inhibit  the  flow  in  those  bodies^ lowering  the  depth  of  fusi  n  bodied1'  ~  \  etc. 
Of  course,  if  there  is  no  gravitational  field,  there  will  be  no  heat  conduction  >ither. 

Therefore,  those  persons  who  have  grown  crystals  in  space  (g=0)  have  achieved  excellent 

'  2c-t'Q)  * 
results v  ‘  #  However,  at  the  present  time  it  is  still  impossible  to  eliminate  convec¬ 

tion  caused  by  surface  tension  gradients^ 

1-nong  the  methods  available  for  the  observation  of  growth  striation  are  optical  micro¬ 
scopes,  X-ray  imaging  techniques,  electron  probes  and  ion  probes  as  well  as  other  methods. 
Among  these,  the  use  of  optical  methods  and  X-ray  imaging  are  the  most  common.  One  of  the 
important  new  findings  uncovered  by  these  observations  is  the  amplitude  of  the  changes  in 
the  period  and  components  of  growth  striation.  This  not  only  requires  the  analysis  of 
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what  types  of  changes  there  are  in  the  conditions  of  growth  which  con  cause  a  cert  in  type 
of  periodic  striaticn;  it  also  requires  a  comparison  of  the  levels  of  importance  of  the 
various  types  of  factors  involved  in  the  striaticn  which  is  caused.  This  is  always  a  very 
delicate  and,  sometimes,  a  very  difficult  thing  to  do.  Sometimes,  it  even  reaches  the  poin 
where  there  is  no  discernible  order  to  it.  Because  of  this,  the  only  thing  that  remains 
is  to  characterize  the  growth  striation  and  analyze  the  conditions  of  growth,  then,  put 
these  efforts  together  in  a  timely  fashion,  carry  out  many  analyses  and  repeated  growth 
experiments;  only  then  is  there  the  possibility  of  discovering  precise  causes  and.  making 
progress  toward  overcoming  the  problem.  For  example,  Takagi^  end  others  discovered 
that  the  230  micron-period  growth  striations  which  apreax  in  GGG  crystals  are  produced  by 
small,  sudden  changes  in  the  potentiometer  power  readings  for  each  rotation;  this  is  one 
example. 

It  is  easy  to  produce  another  example;  growth  striation  is  ordinarily  a  damaging 
imperfection;  however,  in  the  last  few  y^ars  there  has  also  b~en  discovered  a  very  effect¬ 
ive  use  for  it,  which  is  called  boundary  surface  marking  technology.  This  technique  sets 
up  in  the  crystal  a  very  clear,  temporary  mark.  It  can  be  employed  to  accurately  deter¬ 
mine  minute  gr-wth  speeds  and  changes  in  those  speeds;  it  can  distinguish  simultaneously 
between  different  types  of  growth  areas,  etc.  At  oresent,  there  are  three  methods  that 
can  effectively  control  striation;  they  are  the  vibration  method,  the  temperature  me  hod, 
and  the  thermoelectric  method.  In  order  to  gain  a  better  understanding  one  should  consult 
the  literature  . 

.1 .  Color  Centers 

The  "roblem  of  color  centers  in  crystals  includes  a  ‘treat  deal  of  material;  concern¬ 
ing  optical  crystals,  color  centers  can  leod  to  supplementary  optical  absorption  which 
can  profoundly  influence  the  optical  capabilities  of  crystals.  For  example,  a  crystal  made 
from  a  compound  of  neodynium,  aluminum  and  yttrium  is  a  red :ish-brown  color  when  it  corn's 
out  of  the  oven  and  puts  out  almost  no  light  excitation  .  -here  are  some  -Id :YAG  crystals 
which,  due  to  the  light  absorption  of  color  centers  cause  the  light  excitation  efficiency 
of  the  crystals  to  drop,  severely  effecti 'g  the  quality  of  the  crystals. 

The  causes  of  color  centers  in  crystals  can  be  divided  into  two  types;  one  is  impur¬ 
ities;  the  other  is  imperfections  in  the  crystal  structure;  this  phenomenon  is  also  rela¬ 
ted  to  the  conditions  of  growth. 

.■or  example,  a  content  of  only  4  ppm  of  Ce^+ians  is  enough  to  make  TdsYAG  crystals 
carry  a  yellow  color.  Moreover,  approximately  10  rpm  of  Dy^+  and  ?e2+  ions,  in  the  1,'c 
micron  optical  absorption  range,  can  cause  the  optical  excitation  of  NdsYAG  to  be  destr¬ 
oyed'**', 

-esides  this,  oxide  crystals  often  form  color  centers  because  of  shortages  of  oxygen. 
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If  one  is  growing  KNbO^  crystals  and  if  the  fusion  body  content  of  A,0  is  too  high*  even  if 

other  conditions  are  relatively  suitable,  the  crystals  will  often  appear  to  have  a  blue 

color  because  of  a  shortage  of  oxygen;  under  these  circumstances,  it  is  necessary  to  employ 

special  heat  refining  measures  (maintaining  temperatures  higher  than  the  150  C  melting  point 

for  24  hr);  only  after  these  measures  are  taken  is  it  possible  tr  obtain  cure,  high-qual- 

(l) 

ity  colorless  crystals'  ,  The  results  of  research  by  several  units  here  in  China  is  that 
when  fusion  bodies  are  initially  employed  they  always  result  in  a  blue-colored  crystal; 
however,  if  use  of  the  fusion  bodies  is  repeated  several  times,  even  at  relatively  low  re¬ 
fining  temperatures,  it  is  possible  to  obtain  colorless  crystals.  The  reason  for  this  is 
still  not  very  clear. 

I>ue  to  the  fact  that  color  centers  are  difficult  to  directly  characterize,  it  is 
necessary  to  employ  supplementary  experimentation  and  to  closely  correlate  crystal  growth 
experiments  in  order  to  aid  "diagnosis".  For  example,  one  has  the  idea  of  adding  a  certain 
type  of  impurity,  observe  changes  in  the  color  center  situation,  and,  by  this  means,  pre¬ 
cisely  determine  which  kind  of  trace  elements  produce  which  types  of  color  centers  and  the 
reasons  for  these  relationships.  Again*  taking  NdtYAG  crystals  grown  in  a  graphite  resist¬ 
ance  oven  as  an  example,  'when  the  crystals  come  out  of  the  oven,  they  unexpectedly 
have  an  absorption  peak  of  5700  angstroms;  often,  simultaneously,  there  is  an  absorption 
tse-i:  of  4800  angstroms  and  the  crystals  have  a  brown  color.  However,  somewhat  later,  in 
the  air,  annealing  and  ultra-violet  tests  reveal i  zhe  5700  angstrom  absorption  peak 
becomes  an  even  more  intrinsic  characteristic;  only  under  certain  conditions  does  the 
4300  angstrom  absorbtion  peak  exi3t  and  the  crystals  have  their  brown  color.  If  these  con¬ 
ditions  do  not  exist,  the  400C  angstrom  absorbtion  real:  will  not  aorear.  Concerning  the 

( ) 

cause  of  the  5700  angstrom  absorption  peak,  an  analysis  of  gases  in  the  furnace  reveals 
that  the  oxygen  partial  -res sure  in  the  furnace  is  extremely  low,  the  reduction  of  the 
gases  is  very  strong  and  that  the  combination  of  high  temr^rature  and  air  arm  aling  can 
completely  destroy  the  5700  angstrom  absorbtion  peak,  3ecause  of  this,  it  can  be  conjec¬ 
tured  that^ ^ ^ •  given  these  kinds  of  oven  gases,  the  color  centers  which  form  in  the 
large  oxygen  spaces  which  form  in  the  crrst-ls  are  the  major  cause  producing  the  57-0  ang¬ 
strom  absorbtion  peak.  Subsequent  experimentation  also  revealed  that,  in  the  growth  pro¬ 
cess,  the  CO  contained  in  the  furnace  is  always  added.  This  simnly  confirms  even  more  the 

oossibility  of  fusion  bodies  in  the  growth  orocess  or  oxygen  shortage  in  the  crystals  as 

(*57) 

reasons  for  the  formation  of  color  centers  .  However,  the  extremely  lo w  oxygen  part¬ 
ial  ores sure  in  the  pases  of  the  oven  as  well  as  the  strong  reduction  are  both  theoretically 
capable  of  causing  oxygen  spaces;  references^ peculate  that  the  -extremely  low  oxygen 
partial  pressure  is  the  principal  cause.  In  order  tc  make  progress  in  actual  charact  ri- 


zation,  specimens  of  material 


(34) 


from  the  top  and  bottom  portions  of  crystals,  end  seperate 


samples  were  t”ken  from  this  material  in  order  to  determine  the  heights  corresponding  to 


the  peak  values  of  the  3700  angstrom  absorbticfi  band;  it  was  discovered  that*  in  low  temp¬ 
erature  areas  of  the  top  of  the  crystals*  the  peak  absorbtion  values  were  all  relatively 
small;  it  was  demonstrated  by  the  analysis  of  temperature-related  changes  in  gases  that 
lowering  of  the  temperature  causes  a  lessening  of  the  reduction  of  the  CO-CO „  system;  at 
the  same  time*  the  partial  pressure  of  0^  is  lowered#  Looking  from  this  point  of  view* 
the  appearance  of  the  3700  angstrom  absorbtion  peak  is  primarily  due  to  strong  reduction 
of  the  gases  in  the  oven  and  is  not  primarily  due  to  the  size  of  the  0o  partial  pressure, 
-his  is  in  very  good  agreement  with  the  results  of  annealing  experiments  on  the  gases  in 
a  grarhite  resistance  oven  under  high  temperature.  Because  of  this,  one  of  the  greatest 
possibilities  is  that,  with  forced  or  natural  gases,  the  internal  oxygen-space  imperfec¬ 
tions*  which  are  created  in  the  formation  of  crystals*  could*  in  this  way,  explain  all 
the  experimental  results  and  point  out  methods  for  the  elimination  of  color  centers^  \ 

5.  Overall  Constitutional  Inhomogeneity  of  Crystals 

In  systems  where  the  total  amount  of  impurities  in  fusion  bodies  does  not  change, 
the  average  distribution  of  solvent  in  crystals  closely  corresponds  to  the  formula  below i 

C3«<3  (I-*)*-1  (3) 

0 

is  the  initial  concentration  of  solvent  in  fusion  bodies;  g  is  the  solidification 

.ractinn,  that  is*  the  fraction  of  the  total  initial  volume  of  the  fusion  body  which  is 
occupied  by  the  solidified  part  (assuming  that  the  volume  at  the  tine  of  crystal  formation 
does  not  change);  C3  is  the  solidification  fraction  which  is  the  solid  component  of  g. 

- rom  the  -ormula  aoove*  it  is  possible  to  determine  that*  when  1hr»  C,,  changes  gradually. 
3esides  this,  the  uneven  evaporation  of  constituents  can  likewise  cause  the  solid  bodies 
produced  in  crystal  formation  tc  exhibit  a  kind  of  gradual  change. 

concerning  the  macroscopic  inhomogeneity  of  crystal  components,  samples  of  the  cry¬ 
stals  can  be  put  through  qualitative  analysis. 

Concerning  situations  where  the  solvent  coefficient  of  liquation  is  verm  small,  ord¬ 
inarily,  fusion  bodies  'with  relatively  large  amounts  of  compund  cause  crystals  which  are 
tulied  out  to  only  occupy  a  small  fraction  of  the  fusion  body;  in  this  ca.se  the  change 
in  the  value  of  g  i3  not  great;  this  causes  the  change  in  the  concentration  of  imiuritios 
in  crystals  to  be  relatively  small;  therefore,  this  improves,  across  the  board,  constitu¬ 
tional  inhomogeneity.  For  example,  NdsYAG  crystals  are  usually  handled  in  this  wav.(?8) 

Moreover,  LillbO,  crystal  inhomogeneity  is  related  to  the  chemical  composition  of  the 
fusion  bodies.  Crystals  which  are  grown  from  fusion  bodies  which  have  ideal  compositional 
mixes  (Nb.,0^  and  Li^O  each  constituting  5$s ),  change  on  the  order  of  3x10“4/co  due  to  the 
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dual  index  of  refraction  produced  by  constitutional  changes.  This  severely  limits  the 
effective  phase  natch  length  of  crystals.  Moreover,  fusion  bodies  which  use  the  same  com¬ 
position  (51*596  Nb^O..,  48.5/0  Lio0)  grow  crystals  which  can  have  changes  as  low  as  4x10""*V 
cm  or  less  due  to  the  dual  index  of  refraction  produced  by  compositional  changes'1  . 

A. gain,  if  one  is  growing  BNN  crystals  from  a  compound  of  niobic  acid,  barium  and  sodium, 
crystals  which  are  grown  with  fusion  bodies  made  with  an  ideal  compositional  mix 
have  from  one  end  to  the  other  a  curie  point  difference  created  by  dissimilar  constituents 
of  15°C,  moreover,  crystals  grown  with  fusion  bodies  using  the  same  constituent 

mixes  have  corresponding  curie  point  differences  of  less  than  +  5°C^'^. 

Gentile^^has  also  used  a  "constant- temperature-long^ bubble"  method  to  cause  thor¬ 
ough  constitutional  uniformity  in  KTN  crystals.  It  works  as  follows:  under  conditions 
in  which  the  crucible  is  hot  on  the  bottom  and  cold  on  the  top,  there  is  placed  at  the 
bottom  of  the  crucible  considerable  constituent  material  close  to  the  solid  material  for 
crystal  formation.  The  liquid  flow  takes  the  saturated  liquid  phase  on  the  bottom  and 
sends  it  to  the  top;  there,  where  the  temperature  is  relatively  low,  crystals  form 
on  the  seed  crystals,  wue  to  the  fact  that  the  temperature  of  the  seed  crystals  is  cor.- 
tant,  it  is  possible  to  obtain  crystals  which  are  completely  uniform  in  thei  •  constituents. 
Concerning  the  curie  point  differences  which  are  caused  by  constitutional  tvhoraogeneity, 
horizontally  AT  <  +  5°C,  vertically  AT  fO°C  (  the  measurements  of  the  crystals  is  40x40x 


50  ram). 

If  the  surface  layer  is  uneven,  it  will  then  be  found  that  the  inhcmogeneity  mentioned 
above  net  only  manifests  itself  vertically,  but  also  radially.  A  typical  example  would  be 
ITdlYAG  crystals  grown  on  a  concave  surface  at«^11  Indirection;  “he  centers  and  edges  of 
these  crystals  often  give  rise  to  core  centers  and  side  centers  formed  by^21  l^rsmall  cry¬ 
stal  surfaces.  The  concentration  of  Nd^+  in  the  core  centers  will  come  out  approximately 
2(Jo  higher  than  .in  neighboring  areas  that  have  no  small  crystel  surfaces.  This  is  due  to 
she  segregation  coefficient  and  the  crystal  surface  index  being  different  and  causing  dis¬ 
parities.  In  order  to  overcome  this  type  of  inhomogeneity,  using  crystals  grown  on  flat 
boundary  surfaces  to  control  the  appearance  of  small  crystal  surfaces  is  a  workable  and 


effective  method. 

Another  very  sensible  method  is  the  one  reported  by  Fukuda  and  others^1  they  em¬ 
ployed  the  guide  model  method  (3FG  technique)  to  grow  Li (lib.  Ta  )  0  (x=0.05)»  and  achieved 

•  "X  X  j 

specimens  which  were  relatively  uniform  throughout.  However,  the  basic  principle  behind 
this  method  is  to  determine  the  liquation  coefficient  on  the  basis  of  surface  tension; 
the  different  types  of  ions  in  various  fusion  bodies  give  different  liquation  coefficients 
due  to  the  fact  that  they  have  different  surface  tensions;  this  method  certainly  does  not 
have  universal  application  to  the  problem  of  overcoming  overall  inhomogeneity  in  crystals. 
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3,  Constitutional  Super-cooling  and  the  Imperfection*  It  Causes 


le  chenooenon  of  constitutional  super-cooling  is  one  subject  in  the  theory  of  crystal 
:  which  has  been  researched  relatively  successfully.  The  relationship  between  crystal 
fections  and  growth  conditions  which  this  research  has  uncovered  has  already  received 
a  amounts  of  experimental  verification  and  has  successfully  been  used  to  guide  the  im- 
•enent  of  growth  shechnology. 

In  the  work  of  experimentally  growing  crystals,  constantly  preventing  the  phenomenon 

consti tuticnal  super-cooling  is  necessary  if  one  is  to  greatly  increase  the  quality  of 

regrettably 

vystals  grown.  However,  this  important  rhenorcenon  was  neglected  by  people 

or  a  long  tiaej  therefore,  some  people  are  of  the  opinion  that  those  who  work  with  the 
'rewth  of  crystals  should  be  made  to  constantly  remind  themselves  of  this  phenomenon  and 
that  the  words  "Constitutional  Super-cooling"  should  be  carved  on  the  door  of  every  labors 

aW“>. 

Vlhat  follows  combines  our  own  v/ork  and  reports  from  abroad,  taking  .the  growth  of 
crystals  by  fusion  as  the  main  subject,  in  a  discussion  of  this  problem. 

1.  Theoretical  Analysis  of  the  Phenomenon  of  Constitutional  Super-ccoling 
Considering  only  stable  state  growth  systems,  if  the  constituents  of  the  crystals  and 
the  fusion  bodies  are  different,  we  take  and  simplify  it  into  a  single  two-element  system 

for  nurooses  of  consideration.  In  this  system,  one  cart  is  seen  ?.s  an  inreurity  in  the  broad 

liquidation 

sense;  its  concentration  is  noted  as  C;  if  its  effective^  coefficient  is  less  than 

one,  then,  during  the  growth  process,  due  to  the  "rejection"  function  of  the  boundary  sur¬ 
faces,  a  concentration  gradient  can  be  produced;  therefore,  this  causes  the  equilibrium 
solidification  temperature  a.1  various  points  cn  the  fusion  bodies  to  undergo  changes  (see 
3). 


If  the  positive  temperature  gradient  cn  fusion  bodies  is  not  large  enough,  as  in 
straight  line  I,  then,  there  C3n  still  exist  in  the  fusion  body  a  super-coded  area  (the 
shaded  section  in  the  figure).  This  type  of  super-cooling  phenomenon,  which  is  caused  by 
constituent  changes,  is  refered  to  as  constitutional  super-cooling.  Prom  Fig  3  cne  can 
see  that  conditions  under  which  constitutional  super-cooling  does  not  appear  are  when  the 
rates  of  slope  of  the  temperature  distribution  curve  for  the  fusion  bodies  and  the  equil¬ 
ibrium  solidification  temperature  curve  are  at  least  equal  on  the  boundary  surfaces.  That 
is,  in  the  formula 


£i 

v 


l-K* 

K* 


)« 


C  4  ) 


except  for  the  symbols  which  have  already  been  used,  is  the  vertical  temperature  gradient 
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L 


in  fusion  bodies  in  the  vicinity  of  the  bouns.ry  surface  bet  een  solid  and  liquid;  m  lg 
the  rate  of  slope  of  the  liquid  phase  line*  In  ?ig  5  is  the  distance  from  the  boundar, 
surface  betveen  solid  and  liquid* 

Fa'-'  at-ajticn  to  K**C3/CL  (when  x=0,  C.=C  )  and  h=C.,/C,|  equation  (d)  can  be  revt 


sen  so 


-  LG 

v  w  /p  _r  ) 


(  5  ) 


ut  low  ull  speeds,  K*  =  shat  is,  Cl,  therefore,  in  she  equation  tel': 


>-rT(Ci-C,) 


V  D 


ow 


(  6  ) 


L  ar‘d  a-e  the  equilibrium  concentrations  of  the  two  phases,  solid  and  liquid*  It  can 

‘9n  -oat  G.yv  as  well  as  h  and  CL,  •.•rich  are  required  for  the  oreventicn  of  concti  -utic; 
rer-ccclir.g,  are  also  related. 

is  should  be  nosed  that  •••/hat  is  employed  here  is  a  vet'  rude  model  of  steady  ""ate 
’th.  lecause  of  this,  later  there  .•ill  be  others  lat^r  who  will  do  more  perfect  perjr- 
■  tn  analysis  in  order  to  consider  the  influences  of  other  factors,  however,  enter  ntraj 
in,r  oonaitions,  simple  ccr.stituticr al  surar-ceoling  as  i -fined  by  equation  \  '.r.d  a* 

lotion  of  that  phenomenon  by  a  cc:  plete  -erturrati  -r.  analysis  would  differ  •/»-•  lito 


Experimental  facts 
Euper-cocling 


-iscucritn  He  la  tod  to  ohenor.er.cn  of  .Luo-1 


Concerning  the  conditions  -f  can -ti -u-.icnai  sur er-o- cling,  during  th 
’rom  the  boundary  lay-  r  into  the  fusion  body,  the  V',vrl  of  surer-ccc'. 
ecause  of  this,  if  "here  harper.”  to  fora  on  th .  hour.  ary  surf  ace  a  - 
'•fill  grow  somewhat  faster,  and  the  fusion  body  b~  •..•-er.  the  convex  e: 
ncy  of  the  convex  3 are  to  reject  impurities,  will  have  an  increased 
ties,  its  melting  point  will  be  levered,  end  it  1  '  avo  difficulty 
the  boundary  surf  cos  become  ever,  more  unstable, 

-sent  it  as  a_r--  y  mown  that  constitutional  super-cooling,  under 
can  make  or-t'-lo  exhibit  bush-like  growth  with  -..to  presence  of  b- 
;  after  this  comes  cloudy  stri'-ticn  (severe  hut  intermittent 
tg)'  '  ,  network-like  structures  of  uneven  weight  ( r-  malar  cellul-v 


cc 


S'",  p  *!- 

.pic  inc- 

.  -"X  rig*, 

■s*  ue  :o 
r.traticr 
tliiifying' 

. '  most  cev 
aches  an  i 
r.ctitutier. 
.-tructurr 


( 4*3 ) 

and  irregular  cellular  structures)'  #  and#  as  3hown  in  Fig  4#  this  lecds  directly  to 
minute  "threads"  and  "dots"#  which  can  only  be  seen  under  a  microscope. ^7»49)^ 

Generally  speaking,  it  is  very  easy  to  make  people  realize  that  severe  network-like 
structures  are  caused  by  constitutional  super-cooling#  and  minute-scale  imperfections  like 
"threads"  and  "dots"  are#  therefore#  frequently  overlooked.  3h  reality,  these  types  of 
imperfections  are  also  the  results  of  constitutional  super-cooling#  although  the  severity 
of  the  effects  is  less. 

2)  Large  amounts  of  experimental  data  demonstrate  that^  on  a  graph  relating  and 
GL 

-  #  there  exists  a  line  of  demarcation  determining  hether  or  not  network-like  3truc- 

V 


tures  appear  or  not.  As  is  shown  in  Pig  5(0#  if  one  takes  these  data  and  uses  them  to 
construct  a  chart  reflecting  the  relationship  between  G^,  and  V,  then#  it  can  be  easily 
seen  that  the  occurrence— non-occurrence  line  for  network-like  structures  follows  changes 
in  CB  or  G^j  see  Pig  5(2}  and  5(3) •  For  example#  under  the  growth  conditions  indicated 
at  P,  if  Cj  is  a  short  time#  crystals  have  no  network-like  structures;  if  is  a  large 
amount  of  time#  then#  ne work-like  structures  do  appear. 

Konodo^^and  Niizeki^\  while  growing  HhtLiiTbO^  crystals,  also  discovered  that, 
when  Oj/V  is  somewhat  longer  time#  there  also  exists  an  analogous  occurrence-non-occurrsnce 
line  for  growth  striation  (see  Fig  6,  extracted  from  graphs  in  refernces  (*8)  and  (53)). 

This  seems  to  indicate  that  growth  striation  is  caused  by  increased  temperature  gradients 
promoting  convection  instability  of  fusion  bodies. 

Cf  course# it  is  entirely  possible  for  there  to  exist  this  kind  cf  situation:  that  is, 
when  she  value  of  G^V,  which  is  needed  to  overcome  constitutional  super-coc ling#  is#  at 
the  3ane  time#  large  enough  to  cause  growth  striaxian.  Almost  all  the  crystals  which  we 
saw  c-ntaining  the  growth  striation  phenomenon  were  most  likely  of  this  type.  For  example# 
for  certain  GGG  crystals#  after  using  optical  methods  to  examine  them  from  several  iirections# 

we  could  not  see  any  growth  striation.  However#  on  an  X-ray  diffraction  scan#  growth  stri- 

i'es) 

aticxi  was  3till  found  to  exist.  '''' '  At  the  very  least#  the  Rh:ldiJb07  example  demonstrates 
that#  among  the  prerequisites  for  overcoming  constitutional  super-cooling#  the  reduction  of 
the  temperature  gradient  is  effective  in  raising  the  quality  of  the  crystals. 

However#  the  value  of  cannot  aprroach  too  closely  she  critical  point.  e  still 
must  consider  the  temperature  oscillation  produced  by  fusion  body  convection  instability; 
therefore,  causing  temperature  gradient  oscillation,  -his  type  of  oscil.aticn  creates  -he 
possibility  for  having  the  discriminator  line  which  runs  across  the  middle  of  Pig  6  and 
describes  instantaneous  growth  speeds#  thereby  producing  instantaneous  constitutional  sureiw 
cooling.  Concerning  the  critical  maximum  value  of  G^/V,  this  question  is  in  great  need  of 
attention.  Because  of  thr.3#  in  order  to  raise  the  quality  of  the  single  crystals  produced# 
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Pig  4 

Pie  4  Relationship  Between  Constitutional  Super-coc.ling  and  Crystal  Imperfections 


(  3) 


*-**.»«**  masue***, 


Pig  5 

^  •  ^-S  5  ^ic  Relationship  Between  the  Occurrence  of  Hetwork-like  Structures  in  Crystals 

and  growth  Conditions  x— 3t->nds  for  the  occurrence  of  network— like  structures 

in  crystals  0-  3tands  for  the  absence  of  network— like  structures 


we  must  first  use  an  optimum  value  of  Gy 

5)  If  we  take  a  group  of  values  of  G^/V  which  have  be?n  employed  to  eliminate  consti¬ 
tutional  super-coding  during  the  growth  of  various  crystals,  as  these  values  have  been 


18 


reported  In  several  articles,  and  arrange  these  values  in  order  from  largest  to  smallest, 
it  is  possible  to  arrive  at  a  pattern  like  the  one  in  Table  l.s  the  size  of  G^/V  ^e^“ 
initely  related  to  the  ease  of  crystal  growth,  './hen  materials  were  used  in  which  the  value 
of  G^/V  was  very  large,  crystal  growth  was  exceedingly  difficult  (however,  :he  values  of 
G^  measured  by  various  people  can,  because  of  the  different  methods  used,  be  different; 
also,  the  values  of  V  used  are  not  necessarily  critical  values;  therefore,  these  compar¬ 
ative  values  can  only  offer  a  brief  outline  of  a  comparison), 

A  point  worthy  of  attention  is  that,  due  to  ecuation  (6),  the  crystal  material  which 
has  particularly  large  constitutional  differences  between  solid  and  liquid  phases  requires 
relatively  large  critical  values  of  G^/V;  because  of  this,  there  is  considerable  diffi¬ 
culty  with  crystal  growth.  Real  attention  is  already  being  paid  to  this  point^1^, 

4)  In  equation  (4),  what,  in  fact,  does  represent?  Giving  tentative  consideration 
to  the  simplified,  two  part  phase  diagram  (Pig  30))»  the  liquation  coefficient  of  the  im¬ 
purities  in  this  system  (impurities  in  the  broad  smse)  is  1;  therefore,  under  con¬ 

ditions  in  which  theme  is  a  fixed  degree  of  super-cooling  luring  crystal  growth,  the  sit¬ 
uation  is  as  displayed  in  Fig  3(0*  As  LncreTr.es,  C^-C,  also  increases,  therefore, 

C3,  in  this  meaning  of  it,  represents  the  relative  sizes  of  the  constitutional  differences 
of  the  solid  and  liquid  phases,  Ccncemi  g  crystals  which  have  impurities  in  them,  this 
is  nothing  but  the  amount  of  Lmrurities  contained  in  them  with  K^  ^l,  Concerning  the  gen¬ 
eral  situation  with  impurities,  we  can  say  that  any  factor  hich  is  able  to  cause  consti¬ 
tutional  differences  between  solid  and  liouid  chases  can  be  considered  to  be  represented  by 
C_,  For  example,  the  amounts  of  ld.„C  or  t/bO 

which  are  deviations  from  the  same  constit- 

^  „  X  s 

uent  mix  and  are  present  in  LillbC^  fu3icn  bodies'  .  These  could  also  be  called  "consti¬ 
tutional  impurities"  in  order  to  reflect  their  difference  from  the  other  ty-eo  of  impurities 
that  have  been  discussed,  Moreover,  C3r,  crystals  and  liquid  phase  comronent  distinctions 
can  be  influenced  by  the  addition  of  a  second  compound,  C^Cl^,  which  can  be  aded^oC^, 
Therefore,  we  can  .just  as  well  call  them  "compound  Impurities".  Again,  concerning  the  sit¬ 
uation  of  'usion  body  growth  of  crystals  like  Li(lJb„  ,-Ta^  .t  )  and  many  other  multi-cons- 
tituent  crstals,  growth  of  theoe  crystals  i3  very  close  to  growth  of  crystals  by  the  solu¬ 
tion  method;  Cj-CL  i3  relatively  large;  .growth  speeds  ar«  all  very  small,  creating  the 
comrlicatad  factors  creating  ocnstitutinnal  sucer-cooling;  we  could  just  as  well  call  these 

"solution  impurities,"  The~e  have  also  been  those  who  have  raised  the  "structural  suoor- 

f  68) 

cooling"  viewpoint'  ' ,  which  says  that  fusion  bodies  or  solutions  first  form  crystal  form¬ 
ation  unit3  of  different  sizes;  the  carts  or  sections  grow  to  the  top  of  the  crystals  and 
3top  in  the  diffusion  layer  where  they  have  a  function  analogous  to  that  of  impurities. 


'•  Several  Measures  for  Overcoming  Constitutional  Super-cooling 


Mehtods  which  are  employed  to  overcome  constitutional  super-cooling  and  which  have 
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Fig.  6 


Schematic  diagram  of  component  supercooling  and  growth 
layer  in  GL  -  V  chart 

1.  Temperature  gradient  GL  < C/millimeter) 

2.  Growth  layer 

3.  Homogeneous  crystal 

4.  Network  structure 

5.  Growth  speed  V 


been  used  according  to  theoretical  estimates  based  on  successes  in  understanding  the  theory 
of  constitutional  super-cooling  can  frequently  obtain  satisfying  results.  According  to 
equation  (4)  and  equation  (2),  most  of  the  methods  increase  C-^  and  reduce  C_,  ^  or  V. 

3elow,  the  various  methods  are  distinguished  and  introduced. 

l)  Cj  (Tusion  body  constituent).  If  impurities  are  added  purposely  in  order  to  give 
particular  capabilities  or  characteristics  zo  crystals,  then  they  are  not  a  parameter  which 
can  be  regulated.  The  only  thing  is  that,  due  to  the  fact  that  constitutional  super-cooling 
has  limited  the  specific  growth  conditions,  the  concentration  of  impurities  cannot  be  too 
high.  Besides  this,  other  "impurities"  should  all  be  reduced  as  much  as  possible. 

Concerning  compounds  which  all  possess  the  sane  constitutional  points,  their  composi¬ 
tions  should  ce  precisely  analyzed,  and,  then,  using  rigorous  misting  techniques,  the  com¬ 
position  of  crystals  should  be  made  as  close  as  possible  to  the  composition  of  fusion  bod¬ 
ies.  Concerning  the  composition  of  fusion  bodies  arcund  crystals,  it  is  even  more  necces- 
sary  to  carry  out  their  selection  according  to  actual  phase  diagrams  and  experimentation. 
There  are  those  who  say  that,  due  to  many  reasons,  it  is  v~ry  difficult  to  acheive 

the  ideal  composition  of  fusion  bodies  which  is  required;  because  of  this,  it  is  suggest- 

( 6G ) 

ed  that  a  "volley  fire"  method  be  used  for  carrying  out  experimentation  '  .  Initially, 
estimate  the  outer  boundaries  of  the  vicinity  of  the  nun- ri cal  value,  cn  the  basis  of  this 
estimate,  make  up  several  fusion  bodies  of  different  compositions,  and  then*  from  the  res¬ 
ults  of  actual  crystal  growth,  carry  cut  a  comparison. 

Concerning  fusion  bodies  of  a  fixed  composition,  change  the  value  of  G./V,  and  obtain 

Li 

the  discriminator  point  for  the  occurrence  or  non-ocou-rence  of  network-like  structures, 
faking  a  series  of  these  discriminator  points,  line  them  up  and  one  gets  a  i  iccrimir.ator 
line;  suppose  that  the  discriminator  line  and  the  vertical  constitutional  axis  of  a  fus¬ 
ion  body  intersect  at  a  point  A  (Tig  "),  then,  -her.  the  fusion  body  coa  stituent  is  A,  it 
is  possible  to  allow  very  large  growth  speeds  mr.i  still  not  cause  the  occurrence  of  con¬ 
stitutional  super-cooling  ^o)«  Therefore,  A  ccrrespcnds  to  the  optimum  composition 

of  fusion  bodies  at  which  C_— ^0  (that  is,  the  composition  points  are  the  seme). 


In  actual  amplication,  due  to  the  fact  that  it  is  iifficult  to  -get  a  precise  analysis 


of 


JL* 


and,  due  to  the  influence  of  factors  such  as  fusion  body  convection  or  cold  air 


in  the  observation  window  or  differences  between  the  go-  cenpermture  and  the  liquid  temp¬ 
erature,  it  i3  frequently  very  difficult  to  get  uniform  numerical  values  from  one  observation 
to  the  next.  Therefore,  wc  may  as  well  say  that  the  temperature  gradient  is  fixed  and 
only  change  the  pull  speed.  Tor  example,  if  cne  us^s  different  pull  speeds  to  grow  dif¬ 
ferent  part 3  of  the  same  crystal,  as  shown  ir.  Tig  S;  cne  con  then  extract,  using  the  method 
in  Tig  7 »  the  optimum  composition  of  fusion  bodies. 

2)  &  and  liquid  flew  speed  are  related*  she  faster  the  liquid  flow  speed,  the  smaller 
&  is.  It  has  already  beer,  said  above  that  there  are  two  kinds  of  convection  in  fusion 
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4  >ii  #■  *i  a  & 

3 

c1/vcc-/i»H7**!r 

V*  »  *  m 

Al  ;0  , 

[58] 

LiNbO,  ^<20**  ** 

! 

[57] 

•P  40 <• 

—  2.6 

[58] 

Li:0  =  54?i(«’?)^ 

—  2* 

[59] 

Li.O  =  60?i(»;f  >7 

5.S 

[59] 

RhiUNbO, 

>2 

[53] 

Mg'LiNbO, 

1.8—3 

[54] [60] 

1-2.3 

[61] 

L 1  I  3U;  / 

1.16- 

[62] 

Gd,Ga5Ol2(GGG; 

2. 5-3.5  j 

.  [63] 

Ba:NaNbsO,5(BNN) 

!  2.5  —  4 

i  [64][65] 

KNbO, 

-6 

|  [12] 

Sr,NaLiNb1()0M 

i  15-20 

[4] 

Li(Nb0.95Tao.05)Oj 

i  20-25 

[41] 

Table  1 

1 .  Table  1  Values  of  G./V  Used  to  eliminate  Constitutional  Super-cooling  2.  Crystals 

q"  o 

and  fusion  Bodies  3,  Ohr/mcT  4*  Reference  source  5.  pure  6.  mm  7.  molecular 
8 .  not  large 

bodies:  heat  convection  and  forced  convection.  Forced  convection  is  strengthened  as  the 

speed  of  crystal  rotation  increases.  Heat  convection  is  strengthened  as  the  temperature 

gradient  is  increased.  These  two  types  of  convection  are  mutually  opposed;  therefore* 

under  any  given  speed  of  crystal  rotation,  the  two  types  of  convection  reach  a  balance, 

causing  the  liquid  flow  of  the  fusion  bodies  to  greatly  weaken;  £  is  obviously  increased, 

and  it  is  at  this  time  that  the  phenomenon  of  constitutional  super-cooling  appears;  this 

(15) 

must  be  prevented  by  any  means  possible  »  In  the  growing  of  NdsYAG  crystals,  the  crit¬ 
ical  rotation  speed  value  lias  already  been  confirmed;  in  this 

case  3  is  the  diameter  of  the  crucible.  Ordinarily,  one  employs  relatively  lew  pull  speeds 
(very  convex  boundary  layers)  or  slightly  high  critical  values  for  rotation  speed  (flat 
boundary  surfaces)  in  order  to  prevent  constitutional  super-cc  ling,  fhe  actual  choice  of 
a  high  or  low  speed  of  rotation  ought  to  consider  the  possible  production  of  other  imper¬ 
fections  as  well  as  the  size  of  their  influence. 

3)  G^  and  V 

A  moderate  range  adjustment  of  G^  and  V  is  the  most  effective,  simplest  and  most  convenient 
method  for  overcoming  constitutional  super-cooling.  For  example,  Nds'AIG  crystals  normally 
have  a  growth  speed  of  approximately  Inm/hr;  however,  under  similar  conditions,  when  Nd 
and  LusTAG  crystals  are  nixed,  they  may  produce  the  phenomenon  of  constitutional  super- 
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Pig  7 

1  •  Pig  7  Illustrative  Chart  of  the  !,Volley 
Pire"  Method  of  Determining  the  Optimum 
Composition  of  Pusion  Bodies  x-  network-like 
structures  appear  in  crystal  O-network-like 
structures  do  not  appear  2.  Pusion  3ody 
Composition 


Fig  8 

1.  Pig  8  Illustrative  Chart  of  the 
Situation  vhen  Different  Pull  Speeds 
Are  Used  to  Grow  the  Same  Crystal  2. 
Constitutional  Super-coding  Occurs 
3.  Constitutional  Super-cooling  does 
not  Occur 


cooling.  Comp-rchio  and  others' '  'took  the  growth  speed  and  lowered  it  to  O.Q3mm/hr  thereby 
successfully  overcoming  constitutional  super-cooling  and  obtaining  crystals  of  excellent 
quality.  However,  excessive  increasing  of  G  and  lowering  of  V  can  also  bring  with  it  dis- 
advantageous  influences,  such  as,  instability  of  heat  convection,  pull  rod  "crawl",  fluc¬ 
tuations  in  temperature,  the  influence  on  V  will  become  excessively  clear,  etc.,  etc. 

'■•/hen  there  is  no  other  way,  we  may  as  well  initially  employ  a  relatively  large  G  in 
order  to  overcome  constitutional  sup -r-coo ling.  Because  the  influence  of  constitutional 
super-cooling  on  crystals  will  normally  be  greater  than  the  imperfections  caused  by  thermal 
stress,  the  subsequent  use  of  a  high-temperature,  long-durnticn  annealing  method  eliminates 
the  thermal  stress  produced  by  the  sice  of  GT, 

4)  Hecently,  Jackson  and  others^  'also  employed  periodic  reraelting  and  re-growth  tech¬ 
niques;  in  experiments,  they  were  able  to  determine  *he  optimum  period  for  ana  extent  of 
remelting  ;  they  were  also  able  to  take  imperfections  on  ahe  surf -ce  of  crystals  and  erad¬ 
icate  them.  Therefore,  under  conditions  in  which  the  original  inclusions  produced  and 
constitutional  super-cooling  were  not  changed,  they  were  still  able  to  achieve  relatively 
good  results.  It  seems  that  this  is  a  new  avenue  of  approach  in  the  overcoming  of  the 
phenomenon  of  constitutional  super-cooling. 
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4*  Conclusions 


Above  we  have  already  seen  that  characterization  is  extremely  important  to  the  devel¬ 
opment  of  the  work  of  growing  crystals  and  ought  to  receive  adequate  and  serious  attention; 
however,  on  the  other  hand,  if  observation  and  research  on  imperfections  does  not  grow  apace 
and  become  related  to  the  parameters  of  growth  and  the  basic  problems  of  growth,  then,  that 
research  and  observation  cannot  be  of  much  help  in  the  growing  of  crystals;  moreover,  the 
formation  and  principles  of  organization  of  many  imperfections  cannot  be  grasped  with  com- 
rlete  clarity  (for  example,  the  various  kinds  of  imperfections  caused  by  instability  of 
liquid  flow,  which  are  at  present  being  extensively  researched,  are  of  this  kind);  because 
of  this,  without  progess  in  each  of  these  areas,  observation  and  research  alone  can  be 
useless  in  both  the  areas  of  crystal  growth  and  characterization. 

We  hope  that,  in  the  period  of  experimental  growth  when  crystals  are  still  being  grown 
badly  or  not  well  enough,  we  will  be  able  to  closely  cooperate  in  both  areas,  take  obser¬ 
ved  imperfections  and  relate  them  to  conditions  of  crystal  growth,  as  wei 2  as  carrying  out 
appropriate  numerical  analysis,  thereby  obtaining  the  optimum  values  for  sever"  1  important 
conditions,  which  cm  be  used  in  carrying  out  yet  more  growth  expe  rim  station  and,  through 
repetitions  of  this  cycle,  obtain  crystals  of  excellent  quality.  At  the  sane  time,  we  hope 
to,  step  by  step,  precisely  determine  and  experimentally  verify  the  causes  of  imperfections; 
perhaps  we  will  be  able  to  discover  in  the  character! -ration  process  a  ty~e  of  imperfection 
which  has  a  large  influence  on  the  capability  of  crystals  (such  as,  granular  diffusion  in 
ITdjYAG,  which  severely  influences  its  optical  excitation  capability)  and  immediately  ^feed¬ 
back"  to  the  growth  process  a  precise  correction  of  growth  parameters  and  obtain  sooner  an 
even  more  perfect  crystal  of  superior  quality. 

This  is  nothing  more  than  being  able  to  gain  relatively  de°p  understanding  of  the  pro¬ 
cess  of  crystal  growth  from  observations  of  imperfections  and,  thereby,  gliding  more  growth 
experimentation.  Or,  to  turn  it  around,  only  after  repealed  experimentation  in  crystal 
growth  is  it  possible  to  check  out  this  aiowledge,  which  then  makes  it  possible  to  offer 
even  more  clues  for  the  improvement  of  this  knowledge.  In  recent  years,  the  sc i Tice  of 
crystal  .growth  has  been  in  the  process  of  a  gradual  maturation;  the  gap  between  theory 
and  practice  has  been  gradually  narrowed;  in  some  anas  these  two  .aspects  have  already  been 
unified  (critique  of  attender.ee  at  the  1977  Fifth  Session  of  the  International  Crystal 
Growth  Conference).  The  problem  of  constitutional  super-cooling  which  this  article  concqa- 

t rates  on  discussing  is  an  example.  Not  only  can  the  theory  of  const ituticnal  super-cool¬ 
ing  be  used  to  explain  the  formation  of  network-like  structures  which  can  be  seen  by  the 
naked  eye,  but  it  can  also  be  extensively  used  to  explain  the  occurrence  of  spveral  tyros 
of  imperfection.  3y  taking  the  results  of  these  observations  of  imperfections  and  rutting 
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them  through  an  effective  analysis  of  constitutional  super-cooling,  one  can  link  them  to 
many  aspects  of  the  conditions  of  crystal  growth,  can  obtain  optimum  values  for  these 
observed  quantities  and,  thereby,  grow  crystals  of  high  quality. 

Due  to  the  gradual  maturation  of  conditions,  at  present,  internationally,  every  day 
brings  more  serious  attention  to  the  dual  problems  of  crystal  growth  and  characterization. 
Dor  example,  at  present  there  are,  already  published,  both  books  and  periodicals  called 
"Crystal  Growth  and  Characterization"^ ^*72).  however,  there  seem  to  be  currently  only  two 
all  together  and  these  are  of  simple  content}  this  is  very  inadequate.  In  order  to  quick¬ 
en  the  development  of  the  science  of  crystal  growth  in  China,  we  suggest  that  workers  in 
the  fields  of  crystal  growth  and  characterization  cooperate  closely  and  join  their  minds 
in  collective  effort  to  rapidly  raise  the  level  of  the  work  of  crystal  growth  and  character¬ 
ization. 

Generally  speaking,  the  international  trend  has  been,  in  recent  years,  to  take  several 
crystals  which  have  practical  value  and  grow  them  well  and  in  large  quantities;  at  the 
same  time,  in  the  process  of  investigating  new  materials,  there  gradually  appeared  many 
crystals  which  were  relatively  difficult  to  grow;  their  application  capability  was  rather 
gocd,  and  they  had  a  future;  however,  there  was  still  no  satisfactory  growth  method  which 
allowed  the  obtaining  of  large,  high-quality  single  crystals;  this  limited  their  applic- 
a  tier,  ami  spread.  *Ancng  these  crystals  were  inclusion  crystals  -ueb  as  I-GTbG^ '  *  \  Sr^ 

!v>J’b_C,B ,  ”15,  BafiO,  and  so  cn  (according  to  rreliminary  estimates,  among  the  several 

'  ' '  J  .  f  •  \ 


here  s  and  c::ii"*s  already  known ,  inclusion  crystals  account  for  about  half ) 


.  Again,  as 


ir.  the  chase  i iocron,  crystals  ..•hose  solid  chase  line  and  licuid  rhn.se  line  have  large 

f  1-  N 

distance."  t*r./oen  them,  such  as,  I3r(l3aG,-3lfcO. , '  "  yar.d  so  on,  as  "ell  as  crystals  which 
have  complicated  compositions  end  structures,  such  as,  XI-3g_(A13i7)Q  F  '^artificial  mica; 

Sr ,!Ia.Li_rb,QG-^^^  and  protein  crystals,  etc.,  as  well  as  crystals  whose  components 
and  stricture  easily  give  rise  to  changes,  such  as,  CaCC,,  XIC,,  etc,  (sic)  This  is  a 
technical  problem  taken  from  actual  practice;  at  the  same  time,  it  gives  to  the  science 
of  crystal  growth  a  new  subject  for  in-depth  research,  he  feel  that  it  is  already  timo 
to  take  research  into  crystals  that  are  relatively  iifficv.lt  to  grew  tnd  put  it  on  a  "ally 
work  schedule.  If  this  type  of  problem  in  crystal  mrowth  ecu  id  be  solved,  on  the  cr.e  rani, 
it  would  be  helpful  to  the  work  of  investigating  new  crystal  materials,  and,  on  the  otr.er 
hand,  would  promote  the  steady  development  of  crystal  growth  theory  and  technology. 

Besides  this,  characterization  methods  are  very  numerous;  however,  mch  method  has 
advantages  and  disadvantages,  and  we  must  choose  the  strong  and  improve  the  we  alt;  we 
cannot  overemrhasize  one  method  to  the  neglect  of  tho  others.  Gpeaking  coaramtivoly, 
optical  methods  run  from  GOGC-3CO''  angstroms  and  X-ray  and  electron  b  -  am  methods  can 
reach  0,3^1  angstroms.  Therefore,  concerning  very  minute  imperfections,  it  is  neces¬ 
sary  to  use  X-ray  coon  or  electron  microscope  technology.  However,  optical  methods  are 
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s i-T.nl e,  convenient  and  usual ;  moreover*  they  can  explain  the  distribution  forms  of  large¬ 
ss} 

scale  imperfections'  ,  sometimes*  it  can  also  easily  and  simply  explain  problems  which 
are  not  easy  to  explain  using  X-ray  technology,  for  example,  the  perpendicular  a,b,ani  c  ax- 
ses  of  crystals  as  determined  by  a  light  cone  diagram^ 

According  to  preliminary  estimates,  concerning  crystals  in  general  (includes  crystals 
whose  level  of  prfection  and  growth  are  experimental),  among  their  imperfections,  it  is 
possible  to  use  optical  methods  of  observation  in  about  73-80/j}  those  which  recuire  the 
use  of  an  electron  microscope  acount  for  about  t CX- i ;  those  requiring  the  use  cf  X-ray 
scaning  techniques  is  about  10^;  and  other  methods  (  the  corrosion  method,  the  "rag  orna¬ 
ment"  method,  etc.)  account  for  approximately  5/6* 

Sometimes,  relying  exclusively  on  direct  observation  (that  is,  observation  after  a 
crystal  has  already  completed  its  growth)  makes  it  difficult  to  precisely  characterize 
imperfections  and  easy  to  make  mistaken  judgments.  If,  during  the  process  of  adding  heat 
we  observe  changes  in  the  crystals'  light  cone  diagrams,  we  can  also  visually  observe 

phase  changes  in  the  crystals  and  determine  the  temueratures  at  •■.-hich  these  rhase  changes 

(A)  '  ‘ 

take  place'  •  In  the  process  of  adding  heat,  we  can  also  observe  imrerfections  in 

f  1 \ 

the  crystals  "in  operation",  so  to  speak.' ,OJ  If  progress  is  made  in  the  application  of 
magnetic  fields,  electric  fields  or  the  carrying  out  of  strong  light  irradiation,  neutron 
activating  irradiation,  and  so  on,  and  experimentation  and  observation  is  carried  out  in 
these  areas,  then,  there  will  be  even  more  news  to  bring  to  the  attempt  at  precise  charac¬ 
terization  of  imperfections. 
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Summary 

CRYSTAL  GROWTH  AND  CHARACTERIZATION 
Wtt  Qian-zhang  Chen  Qing-han  Tian  Wan-chun 
(  Insititute  of  Physics,  Academia  Sinica  ) 


Imperfections  such  as  cracks,  inclusions,  growth  striations,  color  centers,  inhomogeneity 
and  cellular  structures,  that  frequently  occur  in  artificially  grown  crystals  are  discussed.  The 
phenomena  of  constitutional  super-cooling  are  dealt  with  more  details.  The  origins  of 
occuranc*  of  these  imperfections  and  the  measures  adopted  to  overcome  them  are  recommend¬ 
ed  .  It  is  stressed,  moreover,  that  the  work  on  growth  of  crystals  and  their  characteriza¬ 
tion  must  coordinate  intimately  so  that  the  final  goal  of  obtaining  perfect  crystals  may  be 
attained  through  successive  stages  of  experimental  research. 
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